Genome size evolution is a dynamic process involving counterbalancing mechanisms whose actions vary across lineages and over time. Whereas the primary mechanism of expansion, transposable element (TE) amplification, has been widely documented, the evolutionary dynamics of genome contraction have been less thoroughly explored. To evaluate the relative impact and evolutionary stability of the mechanisms that affect genome size, we conducted a phylogenetic analysis of indel rates for 2 genomic regions in 4 Gossypium genomes: the 2 coresident genomes (A T and D T ) of tetraploid cotton and its model diploid progenitors, Gossypium arboreum (A) and Gossypium raimondii (D). We determined the rates of sequence gain or loss along each branch, partitioned by mechanism, and how these changed during species divergence. In general, there has been a propensity toward growth of the diploid genomes and contraction in the polyploid. Most of the size difference between the diploid species occurred prior to polyploid divergence and was largely attributable to TE amplification in the A/A T genome. After separating from the true parents of the polyploid genomes, both diploid genomes experienced slower sequence gain than in the ancestor, due to fewer TE insertions in the A genome and a combination of increased deletions and decreased TE insertions in the D genome. Both genomes of the polyploid displayed increased rates of deletion and decreased rates of insertion, leading to a rate of near stasis in D T and overall contraction in A T resulting in polyploid genome contraction. As expected, TE insertions contributed significantly to the genome size differences; however, intrastrand homologous recombination, although rare, had the most significant impact on the rate of deletion. Small indel data for the diploids suggest the possibility of a bias as the smaller genomes add less or delete more sequence through small indels than do the larger genomes, whereas data for the polyploid suggest increased sequence turnover in general (both as small deletions and small insertions). Illegitimate recombination, although not demonstrated to be a dominant mechanism of genome size change, was biased in the polyploid toward deletions, which may provide a partial explanation of polyploid genomic downsizing.
Introduction
In recent years, there has been considerable interest in the evolutionary forces and mechanisms that underlie the extraordinary genome size variation observed within and among various groups of organisms. The primary mechanism of genome expansion, transposable element (TE) amplification, has been documented in broad surveys across angiosperm lineages (SanMiguel and Bennetzen 1998; Vitte and Bennetzen 2006) and within genera or closely related species (Hill et al. 2005; Hawkins et al. 2006; Piegu et al. 2006; Petit et al. 2007 ); however, the evolutionary dynamics and primary mechanisms of genome size contraction have been less thoroughly explored. As mechanisms of deletion are more challenging to study, requiring orthologous sequence from closely related species, evidence for genome size contraction as a whole has been limited to phylogenetic inferences based on the placement of taxa having small genomes (Bennett and Leitch 1995; Leitch et al. 1998; Wendel et al. 2002; Bennett and Leitch 2005a) . Analyses of deletional mechanisms thought to be most important, that is, intrastrand homologous recombination and illegitimate recombination, have produced conflicting results concerning their relative importance and whether either can affect genome size as dramatically as TE proliferation (Wicker et al. 2001 (Wicker et al. , 2003 Devos et al. 2002; Ma et al. 2004; Vitte and Bennetzen 2006) .
To evaluate the relative impact of mechanisms of genome size change and their evolutionary stability, we conducted a phylogenetic analysis of indels in 2 regions of the cotton (Gossypium) genome for which we had previously generated data for several species, representing approximately 95-150 kb, depending upon genome. By including orthologous sequence from the phylogenetic outgroup, Gossypioides kirkii, we were able to partition indels into insertions and deletions and study their relative rates, both overall and with respect to contributing mechanism. Gossypium is a 5-10 million year old (myo) genus whose genomes range nearly 3-fold in size, from 885 Mb in the New World diploids to over 2,570 Mb in the Australian diploids (Hendrix and Stewart 2005) . Early in the history of the genus, D-genome diploids and A-genome diploids diverged, subsequently acquiring a 2-fold difference in genome size ( fig. 1 ). These divergent genomes later became reunited with allopolyploid formation approximately 1-2 myo, leading to extant allopolyploid species that have a genome size that is slightly less than the sum of their model diploid progenitors (Hendrix and Stewart 2005) . Gossypium as a genus diverged from its closest extant relative, G. kirkii, approximately 15 myo; the latter species has the smallest genome of the species studied here (590 Mb).
Here we present perhaps the first phylogenetic analysis of indel rates in plants, using 2 bacterial artificial chromosome (BAC)-sized genomic regions surrounding the genes cellulose synthase (CesA) (Grover et al. 2004 ) and alcohol dehydrogenase A (AdhA) (Grover et al. 2007) , by studying 2 diploid species representing the closest living ancestors of polyploid Gossypium, both of its genomes, and the outgroup G. kirkii. We focus on the mechanisms that gave rise to insertions and deletions and their evolutionary dynamics. Using this quintet of genomes, the direction and timing of each indel (insertion or deletion; pre-or postpolyploidization) were determined, and the rate and direction of overall genomic change for each branch were calculated. From this curated analysis among closely related species, we determined rates of sequence gain or loss along each branch and assessed rate change during species divergence.
Methods

BAC Library Screening and BAC Selection
Gossypium arboreum, Gossypium raimondii, and G. kirkii BAC libraries were screened, as previously reported (Grover et al. 2004) , for clones containing the gene encoding cellulose synthase a1 (CesA) and several other predicted genes in the previously sequenced region (Grover et al. 2004 ). The same treatment was applied to the G. kirkii library with respect to the BAC containing the AdhA gene (Grover et al. 2007 ). The resulting positive clones for each marker were evaluated to facilitate selection of clones that provided maximum overlap with the previously generated BAC sequences. Polymerase chain reaction and sequencing were used to verify the presence of the desired markers on the selected BACs prior to shotgun sequencing.
Shotgun Sequencing, Assembly, and Analysis BAC plasmid DNA was sheared at room temperature using a HydroShear (GeneMachines, Ann Arbor, MI) DNA shearing device at speed code 12 for 25 cycles. The resulting DNA fragments were end repaired using the ''End-it'' DNA end repair kit (Epicentre, Madison, WI) and subsequently separated on an agarose gel for size selection (range 2-6 Kb). These fragments were cloned into a pBluescript II KSþ vector (Strategene, La Jolla, CA) and sequenced with universal vector primers (T7 and T3) to an average depth of 8Â. Each sequence was base called using the program Phred , and vector sequences were masked by CROSS_MATCH . Trimmed sequences were assembled by the program Phrap (Green 1999) , and contigs were visualized and edited with CONSED (Gordon et al. 1998) .
The newly sequenced and previously published (CesA gi: EU626442-44 & AY632359-60; AdhA gi: EU626441 & EF457751-54) BACs were aligned using Multi-LAGAN (Brudno et al. 2003) with Arabidopsis thaliana-based repeat masking and with the input tree (
, where A and D refer to sequences from the diploids, A T and D T designate their counterparts in the allopolyploid Gossypium hirsutum, and Gk refers to the outgroup species. The resulting alignment was checked manually for errors using BIOEDIT (http://www.mbio.ncsu.edu/BioEdit/bioedit. html). Predicted features from the previously sequenced genomes (Grover et al. 2004 (Grover et al. , 2007 were mapped onto the new alignment, and novel sequence (i.e., sequence unique to the newly sequenced genomes) was analyzed as previously described (Grover et al. 2004 (Grover et al. , 2007 .
Gap Polarization and Analysis
Indels were partitioned into insertions or deletions and phylogenetically placed using outgroup polarization. Thus, FIG. 1.-Evolutionary history and rates of genome loss and gain in 4 Gossypium genomes. The evolutionary relationship and times of divergence between the model diploid progenitors for the A and D genomes (G. arboreum and G. raimondii, respectively), the true parents to the polyploid, and their subsequent reunion in the polyploid (AD) are shown. Branch lengths reflect time, and branch thickness indicates change in genome size (filled denote sequence gain; open indicates sequence loss). Gossypium diverged from the outgroup (Gossypioides kirkii, 1C 5 590 Mb) approximately 10-15 mya and A-genome and D-genome cottons diverged from each other approximately 6.8 mya. The genome groups evolved independently for 5.2 and 4.2 my, respectively, before the model diploid progenitors diverged from the actual (and extinct) parents of the polyploid 1.6 and 2.6 mya for the A and D genomes, respectively. Approximately 1.3 mya, the A and D genomes were reunited in a polyploid nucleus, whose genome size is slightly less than the sum of the 2 model parents. Overall rates of genome size change are represented by the first line in the green boxes, whereas the individual regional rates are listed independently underneath. Rates of deletion (d), non-TE insertions (i), and TE insertions (TE) are also listed in the gray boxes.
where sequence for G. kirkii existed, if 2 genomes (A/A T or D/D T ) shared sequence with the outgroup, then the gap was considered a deletion that arose along the branch leading to the other 2 genomes during divergence of the A and D genome groups; an insertion during diploid divergence, prior to polyploid formation, was called when the outgroup shared a gap with either A/A T or D/D T . If 3 genomes shared sequence or a gap with the outgroup, then a deletion or insertion, respectively, was inferred to have occurred in the remaining genome after polyploid formation. If only 1 genome shared sequence or a gap with the outgroup and the other 3 existed in the opposite state, that event was labeled as unknown because 2 separate events occurring in the outgroup and the genome sharing its state are equally parsimonious as the opposite occurring separately in 1 genome postpolyploidization and in the prepolyploidization lineage for the other 2 genomes. For regions where the outgroup lacked homologous sequence, only those gaps arising because polyploidization could be polarized. In this case, if 3 of the genomes share sequence whereas the fourth has a gap, the shared sequence is assumed to be plesiomorphic and the gap is characterized as a deletion; likewise, if 3 genomes share a gap whereas the fourth has intervening sequence, an insertion is inferred. Indels that occurred between A/A T and D/D T in regions without outgroup sequence were not polarized.
Number of nucleotides (nt) added, deleted, or missing were standardized to nucleotides per year based on previously estimated organismal divergence times for the diploid divergence (6.8 my since A-D divergence Wendel and Cronn 2003] ) and polyploid formation, as estimated based on multiple nuclear gene sequences (Senchina et al. 2003) . Because modern A genome diploids are a closer model of the actual A-genome donor to the polyploids than are D-genome species, by about 50%, the divergence of the extant diploid species from the polyploid ancestor genomes was calculated. Specifically, branch lengths were apportioned based on the ratio of the diploid branch length over the total branch length (Senchina et al. 2003) to the calculated time since divergence over 6.8 my (time since A-D divergence; fig. 1 ). These values were used to estimate rates of indel evolution along each branch of the phylogeny.
Mechanisms responsible for indel formation were hypothesized based on the sequence within and surrounding alignment gaps. Inserted sequence deemed by sequence homology to be TE in origin was considered the result of TE amplification; deletion via intrastrand homologous recombination was assumed when one genome shared a single long terminal repeat (LTR) in an orthologous position with 1 or more other genomes but no internal sequence or second LTR. Single nucleotide gaps were classified into a category of the same name. Illegitimate recombination represents a group of mechanisms that often, but not always, are associated with short, direct repeats. Several molecular mechanisms are encompassed by illegitimate recombination, including double-stranded break repair and slipstrand mispairing. For the purpose of this study, illegitimate recombination was subdivided into 3 categories based on the hallmarks of the associated gap: 1) illegitimate recombination via double-stranded break repair, 2) illegitimate recombination via double-stranded break repair or slipstrand mispairing, and 3) illegitimate recombination via slipstrand mispairing. Double-stranded break repair was inferred when the gap was flanked by short (,15 nt), direct repeats; slipstrand mispairing was inferred when the sequence in the gap was directly repeated; and, in cases where a gap met both criteria, it was placed in a separate category. Indels that could not be assigned to a group based upon sequence inspection were assigned to a category referred to as ''unknown mechanisms.'' This category is composed of a combination of indels generated by known insertional and deletional mechanisms that have either not left identifiable and characteristic hallmarks or whose hallmarks have been wiped away by subsequent evolution, as well as mechanisms whose hallmarks have yet to be described. This category more than likely contains a number of doublestranded break repair events that used only 1 nt for repair. These were placed in the unknown category specifically because it could not be determined whether the 1 nt repeat was an indel footprint or arose by chance. As detailed in Grover et al. (2004) , the CesA region in Gossypium is rather different from the AdhA region in that the representative sequence for the A genomes is only slightly larger than that of the D genomes (57 kb in A and 51 kb in A T vs. 49 kb in both D and D T ). The length of this region in the A T genome was, as expected, slightly shorter than the region in the A genome; however, this was not true for D and D T , whose lengths were nearly identical. This region had far fewer TEs than AdhA, marked only by a single TE insertion that arose in A/A T during its divergence from D/D T (table 1).
Results
General Description of the Sequenced Regions
Indel Dynamics during the Evolution of A/A T
The period of evolution between the divergence of A-D diploids and the divergence of the diploid A genome from the ancestor to the polyploid A T is marked by several TE insertions, particularly in the AdhA region, that dramatically skew the nearly 1:1 ratio of deletions:insertions toward insertions (table 1). The rate of deletion for the 2 regions combined ranged from 1.02 Â 10 À9 to 1.09 Â 10 À9 nucleotides per year, virtually identical to the non-TE insertion rate of 9.9 Â 10 À10 to 1.08 Â 10 À9 nucleotides per year. Thus, to 6.66 Â 10 À8 nucleotides per year. Gain via TE insertions (98.4% of sequence added; table 2) was distantly followed by illegitimate recombination, which contributed 1.5% of the total sequence added, although 92.9% of the non-TE insertion total. With respect to deletions, illegitimate recombination was second to the unknown mechanism category (the category describing indels that did not have characteristic hallmarks of known mechanisms; see Methods) in terms of relative importance (26.9% vs. 69.1% of sequence removed, respectively), removing approximately less than half the amount of sequence in comparison to the unknown category and only about one-fourth of the total sequence removed. These trends in mechanistic preference were common to the AdhA and CesA regions.
The 2 analyzed regions were similar in number of deletions and insertions; however, the AdhA region experienced slightly more deletions than did CesA (table 1) and the average sizes of deletions and insertions (non-TE) were larger, which led to a slight bias toward deletions in the AdhA region. The rate of insertion and deletion was slightly higher for the AdhA region than for CesA; however, this contribution to sequence turnover was minimal in comparison to the increased TE activity.
Indel Dynamics during the Evolution of D/D T
The period of evolution between the divergence of the A-D diploids and the diploid D from the polyploid D T is marked by 2 TE insertions (1 each in AdhA and CesA) and 1 large (3.1 kb) illegitimate recombination-associated insertion in AdhA (table 2). These 3 insertions alone comprise over 97% of the sequence added to the regions (ca. 13.4 kb out of 13.7 kb total), and shifts what would be a 1.05:1 deletion:insertion ratio to 0.3:1, leading to a net gain of 2.94 Â 10 À8 to3.18 Â 10 À8 nucleotides per year. Aside from the 2 TEs, insertion via illegitimate recombination had the greatest impact, contributing 23.7%, to the total inserted. DNA removal via unknown mechanisms had the largest deletional impact on the region (87.6%), followed by illegitimate recombination at 9.7%.
As with the A/A T genome, the AdhA and CesA displayed a similar number of insertions (table 1); however, unlike the A/A T genome, deletions were more frequent (over 2 times) in the CesA region than in the AdhA region. Whereas the number of insertions for AdhA and CesA were similar, the amount of sequence inserted was nearly 2 times greater in CesA. These 2 factors led to a greater rate of non-TE sequence turnover in the CesA region. The deletion mechanism that had the greatest impact (unknown category) was common to both regions; however, the insertion mechanism having the greatest impact varied across the regions (TE insertion in AdhA and unknown in CesA).
Indel Dynamics during the Evolution of A Alone
The period of evolution in the A genome after its divergence from the polyploid A T genome saw a reduction in Polarized insertions and deletions for each region of each genome are broken down by mechanism. The number of events attributed to each mechanism is listed, followed by the contribution of that mechanism to the region (as a rate in nucleotides per year and a percentage; rates displayed in nt/100 kb/my can be located in supplementary table 2, Supplementary Material online). The 3 illegitimate recombination subcategories are shaded gray and collectively represent illegitimate recombination as a whole.
average rate of deletion compared with the prior 5.2 my (from 1.02 Â 10 À9 to 1.09 Â 10 À9 nucleotides per year to 5.4 Â 10 À10 nucleotides per year; table 1), whereas the average non-TE insertion rate rose from 9.9 Â 10 À10 to 1.08 Â 10 À9 nucleotides per year to 8.71 Â 10 À9 nucleotides per year. No TEs were polarized in the aligned region; thus, the insertion rates derived for this genome were purely from non-TE mechanisms. As on the previous branch (A/A T ), the deletion and insertion rates varied between the 2 loci; however, the amount of variation dramatically increased after the divergence of A from A T . Whereas the deletion rates between AdhA and CesA in A/A T varied slightly over 2-fold and the non-TE insertion rates 1.2-fold, the deletion rates in A varied nearly 35-fold and the insertion rates over 100-fold. The combined deletion and insertion rates yield a net gain of over 8.18 Â 10 À9 nucleotides per year. IR played a large role in this region as it was the largest contributor to deletions overall (table 2; 49.8% vs. 39.6% for unknown mechanisms, the second largest) and contributed nearly all inserted DNA (99.6%). This was true for both deletions and insertions in both regions with the exception of deletions in AdhA, which consisted solely of 4 single nucleotide deletions.
The 2 sequenced regions differed both in rate of sequence turnover, as well as direction of change. The AdhA region experienced far greater sequence gain than CesA without much loss, leading to a net gain of 1.72 Â 10 À8 nucleotides per year (table 1) . The CesA region, in contrast, experienced more loss than gain, leading to a net loss of 8.8 Â 10
À10 nucleotides per year, a rate attributed to a small amount of gain outweighed by a nearly as small amount of loss.
Indel Dynamics during the Evolution of A T Alone
The period of evolution in the A T genome after its divergence from the diploid A genome saw a reversal from net gain (6.38 Â 10 À8 to 6.66 Â 10 À8 nucleotides per year) to net loss (À1.01 Â 10 À8 nucleotides per year; table 1), a reversal that was mirrored in both the AdhA and CesA regions with each experiencing sequence loss. When TE insertions are excluded from both branches as they are episodic in nature and may not have had as much opportunity to affect the A T genome in the last 1.6 my as the A/A T branch over the previous 5.2 my, the A T genome shows an even more dramatic bias toward DNA removal (adjusted loss of 2.68 Â 10 À8 nucleotides per year in A T vs. adjusted loss of 1 Â 10 À11 to 3 Â 10 À11 nucleotides per year in A/A T ). TEs contributed the most to sequence gain and loss (via intrastrand homologous recombination; table 2) in this genome, despite their action being limited to the AdhA region.
As on the previous branch, the insertion and deletion rates varied between the 2 loci; however, the amount of variation dramatically increased after the divergence of A T from A. Whereas the deletion rates between AdhA and CesA for A/A T varied slightly over 2-fold and the non-TE insertion rates 1.3-fold, the deletion rates in A T varied nearly 19-fold (more deletions in AdhA) and the insertion rate varied 92-fold (more insertions in CesA). The major mechanisms contributing to sequence loss and gain in the AdhA region were removal and insertion of TEs, as noted above and in table 2; the CesA was not subject to either TE loss or gain, thus the largest contributor to sequence change in this region was non-TE in nature (illegitimate recombination for both loss and gain). As in the A genome, the AdhA region experienced far greater sequence turnover, in terms of nucleotides deleted, due to the large actions of the TE deletion and insertion.
Overall Indel Dynamics during the Evolution of D Alone
The period of evolution in the D genome after its divergence from the polyploid D T genome saw an increase in average rate of deletion and non-TE insertion compared with the prior 4. nucleotides per year). Insertion and deletion rates varied between the 2 regions, with the CesA region experiencing 34-fold more nucleotides deleted but less than half the amount of non-TE insertions. This difference in insertion and deletion rates led to a net gain in AdhA and a net loss in CesA. Combined, the regions experienced a slightly smaller net gain than experienced in D/D T (1.92 Â 10 À8 nucleotides per year). This rate was largely attributed to the combined effects of a single TE insertion (30.9%; table 2) and 2 large illegitimate recombination-associated insertions (68.7% together) but was slightly relieved by the longer and more frequent deletions (primarily of unknown mechanism) in the CesA region. Overall, deletion via unknown mechanisms (88.7%) and insertion via illegitimate recombination (68.9%) had the greatest effects, an observation common to both regions for insertions but not deletions (deletion via illegitimate recombination had the most impact in AdhA).
Indel Dynamics during the Evolution of D T Alone
The period of evolution in the D T genome since divergence from the D genome saw a slight decrease in the rate of deletion (1.05 Â 10 À9 nucleotides per year in D T vs. 2.52 Â 10 À9 to 2.55 Â 10 À9 nucleotides per year in D/ D T ; table 1) and a substantial reduction of the insertion rate (by nearly 90%). The 2 regions displayed opposite changes in rates, with AdhA experiencing loss and CesA experiencing gain leading, to an overall rate of sequence gain equivalent to 1.55 Â 10 À9 nucleotides per year (down from 2.94 Â 10 À8 to 3.18 Â 10 À8 nucleotides per year in the ancestor, D/D T ). Neither region was affected by TE proliferation, and thus the difference in direction of genome size change reflects other indel dynamics. In general, this genome experienced less turnover than the ancestral D/D T and the D genome, with the exception of slightly more deletions in the AdhA region than experienced by the other 2 genomes. Illegitimate recombination and the unknown mechanism category impacted the genome approximately equally with respect to deletions (table 2), whereas the latter was the major contributor to insertions in those regions (91%). These regions experienced mechanistic biases in this genome as well, with the unknown mechanisms contributing the most sequence loss to AdhA and the most sequence gain to CesA and single nucleotide insertions and deletion via illegitimate recombination having the greatest impact in AdhA and CesA, respectively.
Unpolarized Indels
The number of unpolarized gaps (between A/A T and D/D T , A and A T , and D and D T ) ranged in number and size across the genomes and served to expand the range in possible rates for these genomes (table 1) . One hundred and fifty two gaps were unpolarized between A/A T and D/ D T , accounting for 1.78 Â 10 À9 to 2.00 Â 10 À9 nucleotides per year and 2.63 Â 10 À8 to 2.84 Â 10 À8 nucleotides per year missing from A/A T and D/D T , respectively. This increases the range in the rate of overall genome size expansion in A/A T from 6.38 Â 10 À8 to 6.66 Â 10 À8 nucleotides per year to 6.20 Â 10 À8 to 9.50 Â 10 À8 nucleotides per year, a range shift that is mostly toward further expansion. Similarly, the range in the rate of genome size expansion for the D/D T branch increased from 2.94 Â 10 À8 to 3.18 Â 10 À8 nucleotides per year to 1.00 Â 10 À9 to 3.38 Â 10 À8 nucleotides per year, a range shift which suggests that the rate of growth due to polarized indels is likely an overestimate for this branch. The unpolarized gaps between A and A T represent more missing sequence in A than A T (5.83 Â 10 À9 vs. 4.91 Â 10 À9 nucleotides per year); however, even taking this into consideration, the range in overall rate of sequence change remains positive in A gain (2.35 Â 10 À9 to 1.31 Â 10 À8 nucleotides per year) and negative in A T (loss of 4.25 Â 10 À9 to 1.50 Â 10 Analysis of Indels ,400 nt Previously, we reported that deletions in the AdhA region were consistent in size and frequency with the expectations of small indel bias and genome size (i.e., more and longer deletions in the smaller D genome [Grover et al. 2007] ). Furthermore, we noted a higher rate of deletion in the polyploid compared with the diploid ancestors, noting that this observation is congruent with the idea of nonadditivity of polyploid genome sizes relative to their diploid antecedents. By adding sequence from the outgroup, we are now able to evaluate, and for a much larger data set, the rate of small indel formation to include the longer period prior to polyploid formation. Contrary to expectations, deletions were more than twice as frequent in A/A T than in D/D T (table 3) ; however, in accordance with expectations, the deletions were over 1.5-fold larger in the smaller D/D T genome (table 4). Small insertions in A/A T versus D/D T were congruent with the expectations of a small indel bias, in that they were more frequent and larger in the larger A/ A T genome.
We also previously reported that the spectra of small indel sizes, unpolarized, were nearly equivalent with respect to size and frequency between the A T and D T genomes in the CesA region (Grover et al. 2004) . Upon polarization, a slight bias with regard to frequency appeared for both deletions and insertions (deletions 1.1-fold more frequent in A T ; insertions 1.1-fold more frequent in D T ; table 3); however, the amount of sequence affected was more variable, particularly for deletions (2.6-fold more sequence deleted in A T per my). The diploid A and D genomes displayed a similar pattern for small insertions (more in the D genome but smaller in size); however, small deletions were fully consistent with a small indel bias, with more frequent and larger deletions in the D genome. The average deletion and insertion sizes among the genomes (table 4) 
Analysis of Iillegitimate Recombination
Previously, we reported that illegitimate recombination may be a key player in Gossypium genome size evolution, particularly in the polyploid. The data reported here (table 2) provide the ability to assess not only the rate of illegitimate recombination for each genome since polyploid formation but also how those rates compare with the ancestral rates. The combined data suggest that every lineage (A, A T , D, and D T ) has experienced accelerations (to varying degrees) in the rate of deletion via illegitimate recombination since the diploid-polyploid divergence, from the near doubling in D to the over 4.5-fold increase in A T ; however, this increase was not for both regions in every genome. Whereas the D and D T genomes displayed an increase in illegitimate recombination for both regions, both A and A T had a slight rate decrease in AdhA that was compensated for by the increased rate in CesA. It may be tempting to attribute the observed increase in illegitimate recombination in the polyploid to the smaller temporal distance between A-A T and D-D T (vs. A-D divergence); however, due to the extraordinary conservation of sequence flanking the indels that occurred in the A/A T and D/D T ancestors between the 4 extant genomes, we believe the impact of temporal distance is, in this case, minimal.
The rates attributable to insertion via illegitimate recombination display opposite effects in the diploids and polyploids (table 2), whereas the diploids experienced an overall increase in the rate of IR-associated insertions, both genomes of the polyploid experienced decreases. Again, this overall trend was not equivalent in the 2 regions. Whereas the AdhA region mirrored the overall results, in the CesA region the A genome experienced a decrease in rate, whereas the D T genome experienced an increase. Overall, the amount of sequence deleted via illegitimate recombination was less than the total amount of sequence inserted for the diploid lineages (added 1.04 Â 10 À9 to 1.84 Â 10 À8 nucleotides per year) and more for the polyploid lineages (deleted À5.5 Â 10 À10 and À2.0 Â 10
À10
nucleotides per year for A T and D T , respectively). The relative impact of illegitimate recombination varied by genome and by region (table 2). In the AdhA region, most polarized deletions were attributed to the unknown mechanism category (A/A T : 73.7%; D/D T : 50.6%; D T : 67.7%), single nucleotide deletions (A: 100%), or LTR recombination (A T : 99.7%). Only in the D genome were most deletions attributed to IR (76.3%). In the CesA region, the most deleted nucleotides were attributed to illegitimate recombination in some genomes (A: 51%; A T : 88.9%; D T : 53%), whereas along other branches the unknown mechanism was dominant (A/A T : 58.4%; D/D T : 90.5%; D: 90.8%). When viewed together, the A genome was the only one where more nucleotides were deleted via IR than from any other mechanism (52.5%).
The relative impact of insertion via illegitimate recombination was small in comparison to the amount of sequence inserted by TEs in the A/A T , D/D T , and A T genomes (98%, 74.2%, and 97.4%, respectively) and unknown mechanisms in D T (93.9%). Illegitimate recombination only had a major impact on insertions in the diploid A and D genomes (at 99.6% and 68.9%, respectively). This trend was largely similar between both regions, with the only difference occurring in the CesA region of A T genome, where illegitimate recombination represented 86.7% of the nucleotides inserted, a difference attributed to the lack of TE insertions in this region.
Discussion
Genome size evolution is a dynamic process, reflecting the net effects of counterbalancing mechanisms whose actions vary across a genomic landscape, across lineages, and over time. The potential for the primary mechanism of genome size change, TE proliferation, to effect genome size has become evident, although its catalysts are less clear. Mechanisms of deletion, by their nature, are more difficult to study; whereas TE proliferation can be gauged by simply evaluating the extent of TE sequence in a genome, deletional mechanisms can only be identified and evaluated by comparison to nondeleted sequence. Compounding this problem is rapid evolution, which may quickly erase by superimposed mutations the hallmarks of deletional mechanisms that leave small footprints, such as illegitimate recombination. Comparisons of long, orthologous tracts of sequence between closely related species that are polarized by an outgroup provides a potentially powerful means to evaluate the relative effects of different mechanisms influencing genome size change (both growth and reduction). Rate of Sequence Loss and Gain on 6 Branches of the Gossypium Phylogeny
The combined rates of DNA deletion and insertion are ultimately what determine genome size change. Comparisons of extant genome sizes and their TE contents provide important information on the probable direction and nature of genome size change, but a phylogenetic perspective adds insights into the tempo, details, and dynamics of genomic divergence. One might imagine 2 species with the same genome size and TE composition that have different genomic histories; for example, 1 species may have acquired its genome size through slow and steady TE accumulation, whereas the other taxon has achieved a similar genome size via rapid flux of intergenic space (nearly concurrent insertions and deletions). Comparative genomic sequencing of closely related species, as exemplified here, provides the opportunity to illuminate this history and similar nuances of genome evolution.
The general trend unveiled by comparative sequencing of the AdhA and CesA regions is that there has been an overall propensity toward growth of the diploid genomes and an overall contraction of the polyploid ( fig. 1 ; table 1), whereas each of these 2 regions display heterogeneous rates of sequence gain and loss at different times in the evolutionary histories of the genomes studied, possibly linked to genomically regional properties. All genomes experienced growth except for the A T genome; however, the AdhA region experienced contraction in the diploid D (in addition to A T ) and the CesA region displayed contraction for the A and D genomes in addition to the A T genome. In addition, there appears to be a regional bias dependent on lineage and, possibly, ploidy level. In general, the A/A T branch is marked by large sequence gains, primarily TE in origin (tables 1 and 2). The rate of deletion barely outweighs the rate of non-TE insertion, indicating that genome growth along this branch has primarily been due to the action of TEs. The AdhA region of the A/A T genome gained sequence at a rate 4.5-fold higher than did the CesA region, due to TE proliferation and possibly indicating insertional preferences or exclusion. The D/D T branch also experienced most of its sequence gain related to TE insertions; however, the rate of deletions better outweighed the non-TE insertions in this genome. The combined deletion rate in D/D T was 2.5 times the rate of A/A T , consistent with a hypothesis that small genomes differ from large genomes in part due to their inherently higher deletion rates. We note, however, that the rate of deletion was still only about 1/13th the total rate of insertion (vs. 1/64rd in A/A T ). These results indicate that the trend for the majority of the genome size divergence between the A and D genome species, having taken place on the A/A T and D/D T branches, is one of genome growth, with the rate in A/ A T 2-fold higher than in D/D T and both being largely dependent upon the rate of insertion.
In the time after divergence from the polyploid A T , the rate of sequence gain experienced in the diploid A was less than 13% of that experienced prior to diploid-polyploid divergence ( fig. 1; table 1 ), primarily due to the lack of TE insertions. The overall rate of sequence gain in A, however, still outweighed that of deletion due to the higher number of insertions and fewer deletions found in AdhA. The situation for the D genomes is far less exaggerated in this respect; in the time after divergence from the polyploid D T , the rate of gain in the diploid D decreased to about 65% of the ancestral rate in D/D T . This rate reflects a combination of increased deletions and the combination of a slight increase in non-TE insertions and decreased TE insertions. It is important to note that the individual rate changes that ultimately led to the attenuation of sequence gain in the diploid species were more than likely not instantaneous and not necessarily a consequence of divergence from the parents of the polyploid species; rather, it is more probable that the calculated rates reflect changes that may have been occurring in the diploid ancestors and continued through the point at which the diploid and polyploid parent genomes diverged or that they represent changes initiated in the diploids themselves. The potential causes of these rate changes in the diploid lineages are many and varied and warrant further exploration.
The impetus to change rates of indel evolution and, consequently, genome size can come from many and varied sources, one of which being the union of 2 divergent genomes in an allopolyploid nucleus. Polyploidization has been implicated in numerous genetic and genomic changes (reviewed in [Adams and Wendel 2005; Chen and Ni 2006] ), and the resulting genome size of the polyploid species is often less than the sum of the 2 parental genomes (Soltis DE and Soltis PS 1999; Ozkan et al. 2003; Bennett and Leitch 2005b) . This phenomenon of ''genomic downsizing'' has been explored in several other cases (Chantret et al. 2005; Gu et al. 2006 ), but to our knowledge this is the first phylogenetically informed evaluation of changes in deletion and insertion rate that accompany polyploidization using large contiguous tracts of orthologous and homoeologous sequences. Both genomes of the polyploid show an increase in the rate of deletion (more dramatic in the case of A T ) and a reduction in the rate of insertion when compared with their ancestral lineages ( fig. 1; table 1 ). The shifting balance from insertions to deletions produced a rate of near stasis in D T and an overall rate of contraction in A T , leading to a combined shrinkage of the polyploid genome. Interregion variability was also present in the polyploid genomes, serving to shrink the AdhA region in A T 10-fold more than CesA and contracting the AdhA region in D T (compared with the moderate gain experienced in CesA). Because the D T genome spent half of its time since divergence from the diploid D as a diploid itself ( fig. 1) , the rate of loss in the polyploid D T may be, in part, an underestimate masked by gains (primarily in the CesA region) that could have occurred during the 1.3 my spent as a diploid. These data suggest that the polyploid genome has, in fact, been experiencing genomic shrinkage in the 1-2 my postpolyploidization instead of the alternative (growth in the diploids relative to slower growth or stasis in the polyploid). Further analyses in Gossypium and other polyploids are required to test the generality of these observations. Mechanisms Affecting the Rate of Sequence Loss and Gain TE proliferation is thought to be responsible for most genome size growth in angiosperms (Bennetzen 2000 (Bennetzen , 2002 Kidwell 2002) . This leads to the a priori hypothesis that a majority of the size difference between extant genomes reflects differential proliferation of TEs in a manner congruent with genome size (i.e., the A/A T lineage will have accrued TEs twice as fast as the D/D T lineage, as would A vs. D). The bias in TE proliferation observed between A/A T and D/D T is in the direction that is expected and is slightly more exaggerated than expected ( fig. 1; table 1) . The A/A T lineage gained TE sequence at a rate that was over 2.5-fold greater than the D/D T lineage. In the time that the A and D genomes evolved independent from the polyploid genomes (ca. 1-2 my), however, the A genome has not gained TE sequence in either of these regions, whereas the D genome has gained TE sequence at a rate of approximately one-third the ancestral rate (8.64 Â 10
À9 nucleotides per year due to a single insertion).
The higher rate of TE gain in the ancestral lineages may reflect several nonmutually exclusive factors. The subsequent reductions in observed TE insertion rates may be explained by the episodic nature of TE proliferation (Wicker and Keller 2007; Hawkins et al. 2008) , as well as by types of TEs that may have proliferated in the individual genomes since diploid-polyploid divergence. For example, the TE population in these genomes may be concentrated in regions that have not been surveyed, potentially due to different integrational or targeting requirements of the types of elements that have proliferated. An interesting alternative, however, is that 1 or more of these genomes may have become less permissive of TE proliferation.
Just as TEs have been implicated in genome size growth, their amplification and genomic presence can also lead to genome size contraction via intrastrand homologous recombination. Intrastrand homologous recombination has been demonstrated in many systems and at various levels (Kalendar et al. 2000; Devos et al. 2002; Vitte and Panaud 2003; Wicker et al. 2003; Vitte and Bennetzen 2006) , raising questions about how constraints on or stimulation of LTR recombination varies among species. The data from Gossypium indicate that intrastrand homologous recombination may be rare, as only one solo-LTR was observed (vs. 13 intact elements in the 4 genomes; table 2); however, data indicate that even a rare event can greatly impact the rate of deletion. The AdhA region experienced a rate of deletion that was over 397-fold greater due to the single intrastrand homologous recombination event, ultimately leading to net contraction for the region; similarly, this single deletion increased the overall deletion rate across the 2 regions nearly 19-fold and reversing what would be an overall net gain of 1.57 Â 10 À8 nucleotides per year to a contraction of 1.01 Â 10 À8 nucleotides per year. Biased accumulation of small indels has been promoted (Petrov 1997 (Petrov , 2002 , as well as criticized (Gregory 2003) , as a solution to the discordance between the phylogenetic placement of plants possessing small genomes and the potential of deletions to shrink genomes (Vitte and Bennetzen 2006) . The indel bias proposal is that, on average, smaller genomes will acquire more frequent and larger deletions (,400 nt) than larger genomes, thus slowly and stochastically shrinking the size of the genome more in the smaller genomes. Although the data presented here provide some support for this notion, this is limited to the period of evolution since polyploidization. The branches that we would expect to show the most bias (i.e., the branches where the most differential genome size change likely took place, A/A T and D/D T ) were contradictory over the 2 regions in this respect, with the average deletion size less than twice the average size in D/D T and the insertion size greater for A/A T in only 1 of the 2 sequenced regions. Overall, the data support a slightly larger average deletion size for D/D T , while also being less frequent, yet a slightly larger average insertion size for D/D T , although also less frequent. Taken together, the data for the diploid genomes suggest the possibility of a small indel bias as the smaller genomes tend to add less sequence (D/D T ) or delete more sequence (D) through small indels than the larger genomes, while noting regional biases in small indel formation. The data also suggest that polyploid genome has, in general, experienced increased sequence turnover (both as small deletions and small insertions).
Illegitimate recombination is attractive as a method for genome contraction, despite its tendency to create small rather than large deletions (Petrov 2002; Bennetzen et al. 2005) , due to its presumed global nature and the idea that the effects of a slow, consistent ''genomic leak'' would outweigh episodic TE amplification over time. The data presented here fail to provide support for IR as a key determinant of genome size variation in Gossypium. Just as with other mechanisms of genome size evolution, illegitimate recombination may operate heterogeneously within genomes, affecting some genomic regions more than others and perhaps linked to regional features such as level of chromatin unwinding. This heterogeneity is evident in the regions and genomes studied here, where illegitimate recombination added sequence in about half of the cases but deleted sequence in the polyploid. Finally, for most regions harboring TEs, TEs played a larger role in genome size increase than could be compensated for by illegitimate recombination, and removal of a single TE (as observed in the AdhA region of A T ) creates a much greater sequence reduction than deletion via illegitimate recombination (over 900-fold more for this region).
Although IR does not appear to be a major mechanism of genome size change in the regions and genomes studied here, our data suggest that polyploidy induced a shift in the bias of illegitimate recombination toward deletions over insertions. Although this bias toward contraction may be thwarted by TE insertions, as mentioned above, it is suggestive, as previously reported (Grover et al. 2007) , of a mechanism to partially explain the phenomenon of genomic downsizing in polyploids.
The category encompassing unknown mechanisms (see Methods) had a surprisingly large impact on indel rate in some regions (CesA) and genomes (e.g., D T ). For some of the evaluated indels, it was clear that evolution had simply erased any potential evidence of mechanistic hallmarks as the sequence bordering the indel had clearly been subject to subsequent mutations. In many cases, however, the sequence proximal to and distal to the indel was nearly perfectly conserved, yet it did not display the motifs commonly associated with mechanisms of genome downsizing. This indicates 2 not mutually exclusive possibilities. First, the motifs typically associated with mechanisms that generate indels, such as the repeats associated with illegitimate recombination, may not consistently be generated. Although this is true for a fraction of the ''unknown'' indels, it is also likely that there are mechanisms operating to add and remove DNA from the genome that do not leave evidence of their action. This possibility warrants further exploration and may be better addressed as more genomic data from closely related species, which enables such fine-scale analyses, become available.
Concluding Remarks
The data presented here highlight the instability of the rates and mechanisms of genome size change on an evolutionary timescale corresponding to divergence of species within a single angiosperm genus. Although much research has focused on mechanisms of genome size change, less is known concerning rates of DNA removal and gain due to specific mechanisms, and, to our knowledge, none have addressed the issue of how rates of the various mechanisms governing genome size expansion or contraction change over time. The heterogeneous nature of genome size evolution elucidated here is underscored by both the differences in genome contraction and growth experienced by regions within a single genome and by genomes over time. The complexities revealed here underscore the dynamics of genome size evolution that may be revealed by focused phylogenetic analyses.
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Supplementary tables 1-4 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
